This paper explores patterns of genetic diversity near a locus known to have been under selection. The myostatin gene (GDF-8) has been shown to be associated with double muscling, a phenotype selected for in a number of cattle breeds. We examined population genetic parameters for microsatellite loci at varying distances from GDF-8 in doublemuscled (DM) and non-double-muscled (non-DM) cattle breeds in order to assess patterns of diversity. A theoretical analysis was also performed to predict the patterns of diversity expected under different scenarios. We found differences in the patterns of heterozygosity, allele diversity and linkage disequilibrium between DM and non-DM breeds. However, there were some exceptions to the predicted patterns. These are discussed in light of the histories of the breeds and the potential for using microsatellite diversity for mapping trait genes in livestock populations.
Introduction
The exploitation of linkage disequilibrium (LD) between genes of large effect and neutral markers has been proposed for the identification of both productionrelated genes in livestock (Riquet et al, 1999) and disease-associated genes in humans (Huttley et al, 1999) . Linkage disequilibrium is particularly likely to arise between closely linked loci, but it tends to break down fairly quickly with distance, therefore a very dense genome map would be required for whole-genome linkage disequilibrium mapping (Kruglyak, 1999 ; but see Ott, 2000 for an alternative view). However, LD may be promoted and maintained for longer periods under particular conditions, as has been seen in genomic regions of reduced recombination (eg, Begun and Aquadro, 1991) and in structured populations (eg, Peterson et al, 1999, and references therein) .
In addition, population genetics theory predicts that selection will promote LD via the hitchhiking effect (Maynard Smith and Haigh, 1974) , which will alter the pattern of genetic variation near a selected locus (eg, Ohta and Kimura, 1975; Kaplan et al, 1989; Stephan et al, 1992; Slatkin, 1995; Barton, 1998; Slatkin and Wiehe, 1998; Barton, 2000; Stephan, 2000, 2002) . The impact of hitchhiking will be particularly pronounced on highly variable loci such as microsatellites (Wiehe, 1998) such that allelic diversity and heterozygosity distributions may be used to infer selection (Schlö tterer et al, 1997; Payseur et al, 2002) . While the theory predicts that, on a qualitative level, LD will increase and variability will decrease under directional selection, for the purposes of identifying genes of large effect, it becomes a quantitative issue as to whether the associations between these genes and neutral markers will be strong enough and exist over large enough genomic distances to allow the localization of major genes by this approach.
The goal of our study was to examine patterns of association between a gene under strong selection and linked, neutral markers. We focused on GDF-8 (the 'myostatin' locus), a gene located at the centromeric end of bovine chromosome 2 (Charlier et al, 1995) whose functional protein is a negative growth regulator of skeletal muscle. Mutations in the gene have been shown to result in the double-muscling phenotype in some breeds of cattle (Grobet et al, 1997; McPherron and Lee, 1997) . This phenotype is an extreme form of muscle development, characterized by a large increase in muscle mass. Double muscling was actively selected for in several cattle breeds in the last century (Arthur, 1995) .
In our analysis, we use a number of population genetic measures to compare microsatellite loci on bovine chromosome 2 for nine breeds of cattle, three of which have a high frequency of double-muscled DM indivi-duals while the other six are not known to have DM individuals. Using simulations, we also explore factors that may affect the likelihood of detecting hitchhiking, and thereby the potential for localizing a gene using selection mapping.
Materials and methods

Breed samples
The DM breeds included were Asturiana de los Valles (Spain), Belgian Blue (Belgium) and Piedmontese (Italy). Asturiana and Belgian Blue are known to carry the same variant at the GDF-8 locus, which is different from that found in Piedmontese (Dunner et al, 1997; McPherron and Lee, 1997; Grobet et al, 1998) . The majority of the Belgian Blue and Asturiana samples were homozygous for an 11-bp deletion (mh) previously reported in these breeds (Belgian Blue: 96% mh/mh, 4% +/mh; Asturiana: 88% mh/mh, 10% +/mh, 2% +/+) (Dunner et al, 1997; Grobet et al, 1997) . We did not know the frequency of the double-muscling mutation in the Piedmontese sample used, but the estimated frequency of double muscling for that population is close to 100%. The non-doublemuscled (non-DM) breeds studied were Aberdeen Angus, Ayrshire, British Friesian, Charolais and Hereford (all from the UK) and Toro de Lidia (Spain). The Aberdeen Angus, Charolais and Hereford are beef breeds and Ayrshire and Friesian are dairy breeds. Toro de Lidia is used for bull-fighting. Approximately 50 animals were sampled from the above breeds, excluding sibs and parent-offspring pairs where possible.
Microsatellite genotyping and map information DNA was extracted from blood or semen and genotyped according to the protocols described in Wiener et al (2000) . All of the 18 markers used are located on bovine chromosome 2 (Figure 1 ). Approximately half of the markers were chosen to cover the region near GDF-8 as densely as possible, using all known microsatellite markers that worked reliably in our hands, and the other half distributed along the rest of chromosome 2 where the choice of markers was arbitrary, again using known microsatellite markers that were reliable in our hands. Where possible, marker positions were estimated from the USDA linkage map (http://sol.marc.usda.gov). The positions of several of the markers not positioned on the USDA map were estimated from the original source (Grobet et al, 1997) . Many of the markers used are tightly linked and some have overlapping map positions, therefore, marker positions should be taken as estimates. All breeds were typed for all markers except that Asturiana de los Valles was not typed for BM3627 because of technical problems. distance from GDF-8 was assessed by regression. 'Adjusted heterozygosities' for the DM breeds were calculated as heterozygosity divided by the average heterozygosity of the non-double-muscled breeds for each marker position. This adjustment was applied to account for the variation in numbers of alleles between the different microsatellites. To compare the betweenbreed and within-breed variances, analysis of variance (ANOVA) was performed for each marker, with breed considered as a treatment. The relation between the resulting F-ratio (a measure of the contribution of breed to the overall variance) and physical distance from GDF-8 was assessed by regression. An exact, two-tailed Hardy-Weinberg test (Weir, 1996 ) was used to test for deviations from HWE using Genepop v.3.1d (http://wbiomet.curtin.edu.au/genepop). For markers with fewer than five alleles, the complete enumeration method of Louis and Dempster (1987) was used to calculate the exact P-value. For loci with five or more alleles, a Markov chain method was used to estimate the exact P-value (Guo and Thompson, 1992) . The latter was implemented using the Genepop default settings. P-values were adjusted by the Bonferroni correction to account for multiple (18 or 17) tests. Significance was assessed at the (adjusted) Po0.05 level.
Data analysis
Genotypic LD (defined by Weir, 1996) was calculated in Genepop. For each two-locus pair, a contingency table of genotype combinations was constructed, where rows represent genotypes at the first locus and columns represent genotypes at the second locus. An exact test was used to calculate the probability (P) of rejecting the null hypothesis of random association between loci for the observed contingency table although there was random association (Type I error). This probability would be computed exactly by summing the probabilities of all contingency tables with the same row and column sums and with the same or smaller probabilities. As this is computationally infeasible for multiallelic loci, the Markov chain method of Raymond and Rousset (1995) was used to estimate the exact P-value. This was implemented using Genepop default settings. P-values were adjusted by the Bonferroni correction to account for multiple (153 ¼ 18 * 17/2 or 136 ¼ 17 * 16/2) tests. Twolocus LD was considered significant for adjusted Pvalues less than 0.05.
Simulations
The increase in frequency of a selected allele and its effect on the dynamics of neutral linked loci was examined in a simulation of a cattle population. The population of animals (N fem , N mal ) was generated with n alleles alleles at n loci neutral loci linked to the doublemuscling gene. All alleles were initiated at equal frequency in the population. The favoured allele at the selected locus was introduced into the population at a frequency of 1/2N. The phenotype (eg, muscle score) was assumed to be normally distributed with the mean determined by a sex-specific population mean (m fem ,m mal ) and the (additive) effect of the selected locus (a). The variance term (s 2 ) encompassed both environmental and background genetic factors. The trait value thus took on a value of m sex +a genotype +s. Truncation selection (Figure 2 ), the standard approximation for selection on managed populations (see eg Falconer and Mackay, 1996) , was imposed on the population using the parameters trunc fem and trunc mal , points of truncation for females and males (to allow the effect of the gene to differ between sexes). The population was followed for gen generations of gamete production, random mating and truncation selection; the probability of recombination was calculated as a function of physical distance using Haldane's mapping function (Lynch and Walsh, 1998) . The population size was held constant throughout the simulation. For all parameter sets, at least 100 simulations were run. The selected allele was frequently lost because of genetic drift (the actual numbers of simulations where the allele was maintained are given in Table 3) .
Parameter values were chosen to mimic as far as possible the history of the Belgian Blue breed as this has been well documented. Computer memory limitations and computing times required that population sizes used for most analyses were approximately one-tenth of true breed population sizes (N fem ¼ 45 000, N mal ¼ 5000), however, where possible, the dynamics of more realistic population sizes were examined (N fem ¼ 450 000, N mal ¼ 50 000). The number of alleles at the neutral loci (n alleles ) took the values 2 and 10, reflecting the range of alleles found at typical bovine microsatellite loci. Most analyses focused on the dynamics of a single locus 1 cM from the double-muscling gene as it was expected that LD would span a limited genetic distance. To determine the pattern of hitchhiking over a larger genetic distance, additional analyses looked at loci ranging between 1 and 50 cM from the selected locus.
Phenotypic values were based on a visual assessment of muscle conformation on beef cattle employed in the UK (1-15 scale) and our previous calculations of additive effect in a double-muscled cattle breed (Wiener et al, 2002) . The population means were assumed to be m fem ¼ 7 and m mal ¼ 9 with standard deviation (s) equal to 1. The additive effect of the double-muscling mutation was assumed to be equivalent to the average difference between males and females (a +/+ ¼ À2, a +/DM ¼ 0 and a DM/DM ¼ +2), where DM refers to the selected allele. The selection model varied the points of truncation; trunc fem /trunc mal ¼ 6/8 was the 'basic' model. Variants included 4/6 (weakest selection), 5/7 (weaker selection), 7/9 (stronger selection) and 8/10 (strongest selection). Selection was imposed on the offspring produced after each mating. That is, an animal was chosen for the next generation if its phenotype exceeded the truncation point, until the requisite number of males and females were produced. 
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Figure 2 Distribution of phenotypes according to sex and genotype and truncation selection cutoffs used in simulation study.
Patterns of microsatellite diversity
The basic model assumed no mutation, no use of artificial insemination and nonoverlapping generations, however, as these assumptions are known not to reflect actual cattle populations, they were relaxed to test the effects of including these three factors but given computational constraints, only for the smaller population size. Two mutation rates were used, based on estimates for microsatellite loci from the literature (see Valdes et al, 1993) : 0.003 and 0.02 per gamete per generation. Since these estimates are high compared to other published estimates of mutation rates (see Goldstein et al, 1996) , the simulations should overestimate the breakdown of LD. In the two-allele model, one allele was changed to the other with these mutation probabilities. In the 10-allele model, stepwise mutation (Valdes et al, 1993; Goldstein et al, 1995) was assumed, with equal probability of gain or loss of one microsatellite repeat. For simplification, the order of the alleles formed a circle (so that the allele following allele 10 was allele 1). The effect of this assumption was tested by use of an alternative mutation model of reflecting boundaries (ie allele 1 could mutate only to allele 2 and allele 10 only to allele 9) with no differences seen between the two models (see Results).
When artificial insemination (AI) was included, an AI pool of 400 males was created, separate from the general male population, and AI from this pool accounted for 50% of the matings. Individuals were chosen to enter the AI pool based on an AI-specific truncation point (trunc semen ¼ 9). When the assumption of nonoverlapping generations was relaxed, an overlap of five generations for the males was allowed (ie males remained in the mating pool for five generations instead of just one). The effects of locus-specific mutation were also considered by modifying the mutation scheme such that the mutation rate for each locus was adjusted from the basic rate by 10
x (À1oxo1). The relation between heterozygosity and distance from the selected locus was assessed by nonlinear regression (curve-fitting). Regression was performed on the results of each simulation run and on the average heterozygosity over all runs.
Results
Comparisons of DM and Non-DM breeds Heterozygosity, adjusted heterozygosity and number of alleles were examined as functions of distance from GDF-8. We used the pattern of results seen in the simulations (see below) to derive our predicted pattern of results and thus fitted exponential curves to the data (asymptotic regression; y ¼ A+BR x , where x is the distance from GDF-8 and y is the heterozygosity, adjusted heterozygosity or number of alleles), with the measured variable increasing with distance from GDF-8 ('right sense'). The R parameter defines the rate of exponential increase (a higher R reflects a faster response of the variable to small changes in distance near GDF-8).
The fit of the data to the relevant curve was measured by the significance of the fit and the percentage variation accounted for by the fitted curve (V).
Adjusted heterozygosity (Figure 3 ) significantly increased with distance from GDF-8 for two of the doublemuscled breeds, Asturiana and Piedmontese (R ¼ 0.802, V ¼ 57%, P ¼ 0.001 and R ¼ 0.827, V¼ 25%, P ¼ 0.045, respectively). The fit to an exponential curve was not significant for Belgian Blue.
The fit of the (nonadjusted) heterozygosity data (Table 1) to exponential curves were significant for the DM breeds (R ¼ 0.734, V ¼ 53%, P ¼ 0.002 for Asturiana; R ¼ 0.753, V ¼ 40%, P ¼ 0.008 for Belgian Blue; R ¼ 0.683, V ¼ 51%, P ¼ 0.002 for Piedmontese). However, in addition to the DM breeds, the heterozygosity values of Charolais, a beef breed, also fit an exponential curve (R ¼ 0.753, V ¼ 34%, P ¼ 0.018). While none of the other breeds had significant fits to exponential curves (Ayrshire had a 'left sense' rather than the predicted 'right sense' relation), heterozygosity tended to increase with distance from GDF-8 in all breeds. Furthermore, the other two beef breeds (Aberdeen Angus and Hereford) had nearly significant asymptotic regression curves that explained a substantial proportion of the variation (R ¼ 0.753, V ¼ 17%, P ¼ 0.093 for Aberdeen Angus;
Allele number (Table 1 ) also increased with distance from GDF-8 in all breeds, but was not significant in the non-DM breeds. Asymptotic regression provided a good fit to the data for the double-muscled breeds with both Asturiana and Piedmontese significant (R ¼ 0.739, V ¼ 50%, P ¼ 0.003 and R ¼ 0.720, V ¼ 31.7%, P ¼ 0.022, respectively) and Belgian Blue nearly significant
Some loci near GDF-8 had only a few alleles, for example, BY41 at 1.5 cM and BULGE28 at B3.09 cM. However, the low allele number was not limited to double-muscled breeds; for BULGE28, Aberdeen Angus, Charolais and Hereford each had only a single allele, whereas Asturiana, Belgian Blue, Piedmontese and Friesian had two alleles each (Ayrshire had five alleles and Toro de Lidia had three). For BY41, Aberdeen Angus, Asturiana, Ayrshire, Belgian Blue, Piedmontese Patterns of microsatellite diversity P Wiener et al and Toro de Lidia had only two alleles. The Piedmontese sample was essentially fixed for a single allele at this locus (at 99% frequency). The other breeds had three or more alleles. Significant deviations from Hardy-Weinberg equilibrium and LD for each breed are shown in Table 2 . There was no evidence for deviation from Hardy-Weinberg equilibrium in the DM breeds although there were loci with an excess of homozygotes in five non-DM breeds (Aberdeen Angus, Ayrshire, Charolais, Friesian and Toro de Lidia, predominantly at BM3627). There was significant LD between chromosome 2 loci in the DM breeds and also in some non-DM breeds. Asturiana had 10 such pairs, Belgian Blue and Piedmontese each had six. The beef breeds had more marker pairs with significant LD than did the dairy breeds; Aberdeen Angus had a particularly large number of significant pairs (9). Toro de Lidia also had nine significant pairs. We also compared levels of LD between the four markers at the telomeric end of chromosome 2 (opposite end of the chromosome from GDF-8). Out of 6 possible significant pairs, Belgian Blue had one and Toro de Lidia had two.
The proportion of the variance in allele size because of breed is shown in Figure 4 . The ratio of the meansquared error between breeds to the residual (withinbreed) mean-squared error (ie the F-ratio) is plotted as a function of distance from GDF-8. Our expectation was that the ratio of these variances should be greater for markers near the gene because of selection on GDF-8 in some breeds but not others and because the DM breeds carry different alleles at this locus. There was a significant (negative) linear trend for the F-ratio (slope ¼ À0.161, V ¼ 19%, P ¼ 0.038). Figure 5a shows the average final heterozygosity per locus (over 24 runs) as a function of chromosomal To examine the hitchhiking effect under modifications of the basic model, the ratio of final heterozygosity (after 33 generations) to initial heterozygosity at a locus 1 cM from the selected locus was compared for the different scenarios presented in Table 3 . There was no dramatic difference in this ratio between the basic model and models assuming either smaller or larger population size, artificial insemination, overlapping generations, multiple (10) alleles, stronger selection or smaller allelic effect. Mutation (both circular and alternative models) and weaker selection did significantly increase the heterozygosity ratio; locus-specific mutation rates further increased the impact of mutation on heterozygosity. With the higher mutation rate, heterozygosity was almost unchanged by selection. Under very weak selection, heterozygosity within 1 cM was reduced by 50%. A combination of these two factors resulted in a reduction of heterozygosity by 40%. Additional simulations were performed to try to identify realistic conditions under which the hitchhiking effect would be lost. Thus, simulations were performed in which there was very little selection (trunc fem / trunc mal ¼ 3/3; to prevent the selected allele being lost from the population) for 50 generations with 10 alleles at the microsatellite loci, followed by the imposition of selection (basic model, as described above) for another 33 generations. A low mutation rate was applied. The average heterozygosity at the end of these 33 further generations (at 1cM from the selected gene) was 0.568 (final/max heterozygosity ¼ 0.63), which is substantially greater than that the under the basic model with the same mutation rate (final ¼ 0.256; final/max ¼ 0.28). Figure 5b shows the final heterozygosity as a function of chromosomal position for the basic mutation model (as in Figure 5a but with 10 alleles rather than two and mutation allowed) and the model described above (mixed model) where 50 generations of low selection preceded the 33 generations of basic selection. Again, asymptotic regression gave a statistically significant fit to the results (basic model: mean R ¼ 0.9066, V ¼ 99.9%, Po0.001, individual R values between 0.83 and 0.96; mixed model: mean R ¼ 0.6769, V ¼ 99.8%, Po0.001, individual R values between 0.27 and 0.88). When the period of low selection was included in the model, the heterozygosity profile became flat closer to the selected locus than for the basic model, as reflected in the lower value of R.
Simulated population under selection
Discussion
A detailed analysis of bovine chromosome 2 demonstrates detectable effects of selection on GDF-8, the locus associated with double-muscling in several cattle breeds. We compared several population genetic measures between three DM and six non-DM breeds and found that they differed in their patterns of heterozygosity and Patterns of microsatellite diversity P Wiener et al numbers of alleles along chromosome 2, although some non-DM breeds showed similarity to the DM breeds in their heterozygosity patterns. When heterozygosity was adjusted to account for intermarker diversity, the doublemuscled breeds showed a significant correlation between heterozygosity and distance from GDF-8. LD between pairs of loci was greater within DM breeds than dairy breeds. However, there was also a large amount of LD within the beef breeds and a breed used for bull-fighting. LD results were also consistent with Dunner et al (1997) , in that there was greater LD within Asturiana than Belgian Blue, suggesting a more recent introduction of the allele into Asturiana. Finally, the ratio of between-to within-breed variance in allele size increased with proximity to GDF-8, consistent with differences in selection history and allele frequencies between the breeds. The results from our analyses of chromosome 2 were not as dramatic as seen in the basic model we simulated. Modifications of the basic model indicate several factors that could account for this difference. A very high mutation rate of the microsatellites near GDF-8 could explain why the reduction in heterozygosities near GDF-8 was not as large as might have been expected and why LD was not as strong. It seems unlikely that by chance, all (or most) of the microsatellites we chose had higher than average mutation rates, although between-locus variability in mutation rates could contribute to reducing the hitchhiking effect. A combination of weak selection and moderate mutation could possibly explain the pattern of results.
Alternatively, it may be that the history of doublemuscling in some breeds is similar to the model we examined with a period of weak selection followed by stronger selection. If so, this could explain why the chromosome 2 results differed from the predictions of the basic model. Under this 'mixed' scenario, doublemuscling mutations are actually old and have been maintained at low frequency in these breeds under very weak selection. Then, at some point in recent history, breeders began to select more strongly for the allele and it rose to high frequency or fixation. This would be consistent with the wide diversity of myostatin haplotypes seen in European cattle breeds (Dunner et al, 2003) . Under this scenario, the LD between GDF-8 and neutral markers at the beginning of the selective sweep (the period where strong selection was imposed) would be lower than that for a model where strong selection coincided with the introduction of the mutation. As a result, the probability of detecting a hitchhiking effect would be reduced. This could certainly be the case for the Belgian Blue breed where the mutation is known to have existed prior to World War I (Compère et al, 1996) , but until the 1950s, the breed was maintained as 'dual purpose,' providing both milk and beef (Hanset, 1982) . Our own data from a study on South Devon cattle, another breed with double-muscling, indicate that even if farmers strongly favour the DM phenotype, effective selection when the trait is rare is likely to be weak. This is because of the difficulties in assessing the genotype on heterozygous individuals (Wiener et al, 2002) .
Our results and previously published work on Asturiana de los Valles (Dunner et al, 1997) demonstrate that selection on GDF-8 has left a stronger mark on this breed than the other two DM breeds. This indicates that the double-muscling mutation (the same mutation as found in Belgian Blue) has been in the Asturiana a shorter time than in the other two breeds. While there is historical documentation that the Belgian Blue and Piedmontese mutations date back prior to World War I (Masoero and Poujardieu, 1982; Compère et al, 1996) , the earliest definitive cases of double-muscling in Asturiana date from the 1920s.
There could be confounding factors in the comparison of DM and non-DM breeds. If there is another gene near to GDF-8 under selection in all breeds, then differences between DM and non-DM breeds might be overshadowed. Alternatively, GDF-8 may itself have been under selection in the non-DM breeds, but perhaps for different alleles, for example, for those which increase the lean muscle mass of an animal (Lin et al, 2002) . This could help to explain the fact that beef breeds showed greater LD than dairy breeds and that beef breeds had significant and nearly significant asymptotic regression Maximum (=initial) heterozygosity is 0.50 for all cases with two alleles and 0.90 for all cases with 10 alleles (these are indicated with a *).
Patterns of microsatellite diversity P Wiener et al curves for heterozygosity as a function of distance from GDF-8. The presence of a QTL associated with several fat traits has been reported for Canadian beef cattle in the same region as GDF-8 (Schimpf et al, 2000) . There may have been selection on such a linked QTL or on GDF-8 itself in the non-DM beef breeds. In a previous study, we analysed samples from these breeds for non-synonymous sequence variants within the coding regions of GDF-8 and none were found (Smith et al, 2000 and unpublished data). However, it is possible that variants do exist in promoter regions of the gene. Alternatively, an excess of LD could be caused by population structure rather than selection. Thus, it is possible that peculiarities (eg, recent admixture of previously isolated populations) in the history of Aberdeen Angus and Toro de Lidia, which showed particularly high levels of LD, led to a great excess of LD throughout the genome. The elevated number of significant LD pairs at the opposite end of chromosome 2 suggests that this may be the case for Toro de Lidia. Calculating LD for markers on other chromosomes would help to resolve this issue. One motivation for this project was to consider the utility of a 'selection mapping' (Kohn et al, 2000) approach in livestock where genetic diversity patterns could be used to help map genes affecting production traits. The results from our study indicate that such an approach would not have clearly identified the region of the myostatin gene at least at the density of markers used in this study. A similar approach was used more successfully in a study of natural rat populations under strong selection for resistance to anticoagulants. In comparing several population genetic parameters, Kohn et al (2000) found large differences between rat populations where resistance had evolved to high levels and those where resistance was low or nonexistent. They used patterns of LD for 26 microsatellite markers in five rat populations to improve positioning of the anticoagulant-resistance gene in rats, which had already been localized to a 6-cM region. These results indicate that there is a stronger hitchhiking effect than found in the DM cattle breeds. This suggests that the mutation for anticoagulant resistance is relatively recent and that selection pressure imposed by anticoagulant use is stronger than breeders' preferences for double-muscling, which is not surprising. Our study shows that before implementing such an approach for mapping trait genes in livestock, it will be important to have information on the age and history of selection of the trait in particular breeds so that breeds can be chosen to maximize the chances of success. Alternative methods that utilize haplotype data (eg, Sabeti et al, 2002) may turn out to be more powerful, but have the disadvantage of requiring additional data to infer phase.
